In the late stage of anthocyanin biosynthesis, dihydroflavonol reductase (DFR) and anthocyanidin synthase (ANS) mediate a formal tautomerization. However, such oxidation/reduction process requires high energy and appears to be unnecessary, as the oxidation state does not change during the transformation. Thus, a non-enzymatic pathway of tautomerization has also been proposed. To resolve the long-standing issue of whether this non-enzymatic pathway is the main contributor for the biosynthesis, we carried out density functional theory (DFT) calculations to examine this non-enzymatic pathway from dihydroflavonol to anthocyanidin. We show here that the activation barriers for the proposed non-enzymatic tautomerization are too high to enable the reaction to proceed under normal aqueous conditions in plants. The calculations also explain the experimentally observed requirement for acidic conditions during the final step of conversion of 2-flaven-3,4-diol to anthocyanidin; a thermodynamically and kinetically favorable concerted pathway can operate under these conditions.
Introduction
Anthocyanins, an important plant secondary metabolites, contribute to the diversity of colored pigments in plants, especially in flowers and fruits, and also act as photo-protectants, [1] visual signals [2] for insects to promote pollination, and antioxidants. [3] [4] [5] [6] Although anthocyanin biosynthesis has been extensively studied, [7, 8] some details still remain unclear. In the late stage of anthocyanin biosynthesis, oxidizing and reducing enzymes appear to be necessary for the conversion of dihydroflavonol to anthocyanidin [9, 10] (Fig 1 Route A) .
As this conversion is formally a tautomerization, and does not involve a change of oxidation state, a high energy-consumptive oxidation/reduction pathway seems unnecessary. Consequently, a non-enzymatic simple tautomerization pathway has also been proposed (Fig  1 Route B) . This is a long-standing issue. The enzymes involved, dihydroflavonol reductase (DFR) [11] and anthocyanidin synthase (ANS), [12] [13] [14] were isolated and characterized about a quarter of a century ago. On the other hand, there is no evidence that would rule out a nonenzymatic pathway. ANS is an oxidizing enzyme that catalyzes dehydrogenation at the C-2 position of leucoanthocyanidin, followed by dehydration to afford anthocyanidin. This activity has been confirmed in vitro by using recombinant ANS. [12] [13] [14] ANS requires Fe 2+ , 2-oxoglutarate, molecular oxygen, and ascorbate as cofactors, and also needs acidic conditions (pH 1-5) after the enzymatic reaction to generate anthocyanidin. [13, 14] Targeted gene-deletion experiments [5] have confirmed that loss of ANS or DFR essentially abrogates anthocyanidin synthesis, supporting the idea that both DFR and ANS are essential for anthocyanin biosynthesis. However, it is a mystery why the simple non-enzymatic pathway does not operate in anthocyanin biosynthesis. This is an important issue, because a deep mechanistic understanding is a prerequisite for rational design to fulfil modern requirements for the efficient preparation of highly purified anthocyanin or modified anthocyanins. In biochemical reactions, it sometimes seems intuitively clear that an alternative reaction route is less favorable. However, such predictions are just qualitative, and cannot rule out the possibility that the alternative route can proceed spontaneously. Recently, computational chemistry has been extensively used for the mechanistic investigation of natural products biosynthesis, such as terpene cyclization reaction of cycloocatin, [15, 16] and Diels-Alder reaction of heronamide A. [17] This theoretical approach to the study of biosynthesis provides detailed and quantitative information about reaction mechanisms and intermediates, which is helpful for design of further experiments or for engineering the enzymes involved. Therefore, in this work, we conducted a comprehensive computational/theoretical study on the non-enzymatic tautomerization process. Our results indicate that the simple non-enzymatic pathway is energetically much less favorable.
Methods
All calculations were performed with Gaussian 09 [18] and GRRM11 [19] [20] [21] [22] [23] programs. Structure optimization and frequency calculation were done with the M06-2X/6-31G(d,p) method. [24, 25] Solvation was evaluated by the self-consistent reaction field (SCRF) method using the polarizable continuum model (PCM). Single point energy was calculated at the MP2/6-311++G(d,p) level based on the M06-2X-optimized structure, since M06-2X is known to be inappropriate for describing the relative energies of proton transfer reactions. [26] Relative Gibbs free energy energies (ΔGrel) based on single point energy at the MP2 level and frequency calculation at the M06-2X level are given for all discussions.
Results and discussion
The optimized structures (without any symmetry assumptions) and energies of all CPs (complexes), TSs (Transition States), and the product in the conversion of dihydroflavonol to 2-flaven-3,4-diol are shown in Fig 2. The results of several examinations indicated that the conversion of dihydroflavonol to 3-flaven-3,4-diol requires very high activation energy (31.8 kcal/mol). It is well known that reaction at room temperature can take place only when the activation energy is lower than 20-25 kcal/mol, and therefore, this step cannot take place in plants. The enediol structure of 3-flaven-3,4-diol is quite unstable, because this enediol is adjacent to the electron-rich aromatic A ring. Therefore, this step is endothermic. After the interconversion from CP2-1 to CP2-2 with 8.6 kcal/mol exothermicity, another keto-enol isomerization takes place mediated by H 2 O Computational study on a puzzle in the biosynthetic pathway of anthocyanin molecules. Thus, we could successfully locate the non-enzymatic tautomerization process, which involves two sequential keto-enol isomerizations, both mediated by H 2 O molecules. However, the computational results indicated that the non-enzymatic pathway is energetically very unfavorable in plants, since the transition states TS1 and TS2 are very unstable and the activation energies are insurmountably high (31.8 and 27.3 kcal/mol, respectively) under the conditions present in plants; in addition, both steps are endothermic. However, the question remains as to why plants would have evolved enzymes catalyzing these reduction-oxidation reactions instead of enzymes catalyzing the simple tautomerization. To address this intriguing question, we investigated whether there are redox-neutral enzymes which can catalyze this type of tautomerization by searching all enzymatic reactions registered in the KEGG database, [27, 28] using the program 'E-zyme2' [29] However, only redox enzymes were found, i.e. K13082; DFR, K05277: leucoanthocyanidin dioxygenase, K13261: CYP93A1, K13265: vestitone reductase, K07409: CYP1A2. Thus, no redox-neutral enzymes that can catalyze this type of tautomerization reaction are currently known. Nevertheless, this does not rule out the possibility that biology took the option of simple tautomerization during evolution. Therefore, as a different approach, we also computed a general acid-or base-catalyzed enzymatic pathway (see supporting information). The calculations suggest that such tautomerization by acid or base (including protein) is unfavorable due to the low reactivity of dihydroflavonol. From the viewpoint of plant physiology, plant cells need an efficient mechanism for redox recycling of NAD(P)H, because of their highly active metabolism, including photosynthesis and energy metabolism [30] This requirement for rapid recycling of NAD(P)H might have favored evolution of an anthocyanin biosynthetic pathway involving oxidation of NAD(P)H. In other words, the combined fundamental chemistry and plant biology requirements could be the reason why the apparently wasteful reduction-oxidation route evolved for the synthesis of anthocyanins. We then investigated the influence of the two hydroxyl groups of the A ring on the activation energies of the non-enzymatic tautomerization. Firstly, we calculated a presumptive pathway, shown in Fig 3, for an artificial substrate without the 5,7-hydroxyl groups of dihydroflavonol. Surprisingly the activation energy of the formation of corresponding enediol compound was not changed dramatically in comparison to that for dihydroflavonol. The stabilization energy was increased by 4.3 kcal/mol, supporting our hypothesis that the electron-rich A ring is responsible for the instability of 3-flaven-3,4-diol. However, this pathway still has a high activation barrier, suggesting that the reaction is unlikely to occur at ambient temperature. On the other hand, the 5,7-hydroxyl groups do not influence the second enolization step. We also investigated various other possible reaction pathways for the conversion of 2-flaven-3,4-diol to anthocyanidin. The results indicated that the reaction pathway of 1,3-transposition of the hydroxyl group in aqueous media under neutral conditions (Fig 4) is the most probable. In this reaction, 1,3-transposition of the hydroxyl group from C-4 to C-2 proceeds in two steps through TS5 (addition of one molecule of water at the C-2 position) and TS6 (elimination of the OH group at C-4 to form a double bond). However, the activation energy of the first step is 74.9 kcal/mol, which is far too high for the reaction to occur under these conditions. In addition, CP5 is very unstable and hence the reverse reaction should proceed preferentially. Thus, we concluded that formal 1,3-transposition of the hydroxyl group of 2-flaven-3,4-diol does not occur under neutral conditions.This is consistent with the experimental result of ANS assay in vitro, suggesting that the formation of anthocyanidin requires acidification (pH 1-5) after the enzyme reaction.
Finally, we re-investigated this step under acidic conditions for the formation of anthocyanidin. The energy profiles at the same level of theory are shown in Fig 5, in which, 2-flaven-3,4-diol is directly converted to anthocyanidin. This transformation takes place as a single event under the acidic conditions. The activated 4-OH of CP4-3 and 2-OH of CP7 are immediately protonated and readily eliminated, respectively, to form anthocyanidin. The activation free energy from CP7 is quite low, and the process from CP4-3 is a barrier-less transformation, suggesting that spontaneous reaction would be expected both thermodynamically and kinetically. Thus, both our calculations and reported experimental results support the idea that acidic conditions or activation of 4-OH of 2-flaven-3,4-diol are necessary to obtain anthocyanidin as a product in the biosynthetic pathway; the direct transformation pathway of 2-flaven-3,4-diol into 3-flaven-2,3-diol at cytosolic pH is ruled out, and 3-flaven-2,3-diol is formed after the formation of anthocyanidin. This may be due to the low leaving ability of 4-OH of CP4-3 and 2-OH of CP7. Instead, we suggest an unprecedented pathway in which 2-flaven-3,4-diol is directly converted to anthocyanidin under acidic conditions. This is also consistent with the fact that in vitro assay of ANS requires acidic conditions for anthocyanidin formation. Thus, the reaction may take place in acidic environments such as plant vacuoles, or alternatively there may be an enzyme that can catalyze the conversion of 3-flaven-2,3-diol to anthocyanidin.
In summary, the results of our computational study provided new insights of anthocyanin biosynthesis, indicating that the activation barriers in non-enzymatic pathways are too high to overcome in the plant cellular environment. We also simulated a hypothetical enzymatic tautomerization pathway, but found that this also requires very high activation energy, and would be unfavorable due to the low reactivity of the substrate, dihydroflavonol, and the low acidity of 2-H of dihydroflavonol. This may be the reason why plants evolved an enzymatic pathway involving reduction-oxidation to achieve anthocyanin production, even though it is highly energy-consumptive. We also investigated the reason why ANS requires acidic conditions for the generation of anthocyanidin. Our calculations indicate that the widely accepted stepwise pathway is actually unfavorable under neutral conditions, and a concerted pathway in which 2-flaven-3,4-diol is directly converted to anthocyanidin is preferred both thermodynamically and kinetically under acidic conditions. This is consistent with the previously reported experimental finding that formation of 3-flaven-2,3-diol was not observed. Our present work shows that computational studies can throw new light on not only terpene cyclization, but also flavonoid biosynthetic mechanisms, providing new ideas for experimental study. 
